Neisseria meningitidis is a Gram-negative human pathogen that can cause severe meningitis and septicemia with symptoms that can worsen rapidly; approximately 10% of infected persons die, and 10%-15% of survivors suffer serious sequelae [1] . Antimicrobial treatment and chemoprophylaxis for patients with meningococcal disease and their close contacts is critical to reduce morbidity and mortality and to prevent secondary cases. Although an extended-spectrum cephalosporin such as ceftriaxone is recommended for empirical treatment of meningitis [2] , some treatment guidelines recommend switching to penicillin G when N meningitidis is confirmed [3] . Ceftriaxone, ciprofloxacin, and rifampin are the currently recommended chemoprophylactic antimicrobials [4] . Azithromycin was recommended as an alternative chemoprophylactic antimicrobial in eastern North Dakota and western Minnesota when ciprofloxacin resistance was first reported in North America (serogroup B) [5] . In the 1990's, the prevalence of antimicrobial resistance among N meningitidis was low in the United States [6, 7] . Since that time, increases in the number of penicillin G-intermediate and -resistant isolates [8, 9] and sporadic strains that are resistant to ciprofloxacin or rifampin have been reported in the United States [10, 11] . The clinical significance of these changes in susceptibility is unclear, although a single case in the United States has been reported where resistance to rifampin may have resulted in a child contracting meningococcal disease from a sibling [10] .
Reduced susceptibility to penicillin G in N meningitidis has been most closely linked to alterations in the penA gene leading to 5 amino acid changes, F504L, A510V, I515V, G541N, I566V, in the penicillin binding protein 2 (PBP2) [12, 13] . The penA genes of susceptible isolates are highly similar in sequence, but isolates with reduced susceptibility to penicillin G have high sequence variability in the penA gene. These variable regions are mosaic due to transformation with commensal Neisseria spp resistant to penicillin G [12] [13] [14] . Resistance to ciprofloxacin in N meningitidis has been linked to mutations in the gyrA gene [15] [16] [17] , and resistance to rifampin has been linked to mutations in the central region of the rpoB gene [18, 19] . Understanding the molecular mechanism responsible for a reduced susceptibility phenotype can provide insight into population biology and changes in susceptibility patterns of circulating strains with the limitation that not all reduced susceptibility is caused by a single common mechanism.
We tested isolates of N meningitidis collected from a population-based surveillance system in 2004, 2008, 2010 , and 2011 for susceptibility to ceftriaxone, ciprofloxacin, penicillin G, rifampin, and azithromycin using broth microdilution to assess whether the proportions of isolates with reduced susceptibility to the antimicrobials most commonly used in the United States for treatment and chemoprophylaxis have changed since the mid-1990s. The molecular mechanism of reduced susceptibility was investigated for all isolates with intermediate or resistant phenotypes.
METHODS

Test Isolates
Antimicrobial susceptibility testing was performed on all 466 isolates of N meningitidis collected in 2004 (N = 142), 2008 (N = 150), 2010 (N = 78), and 2011 (N = 96) from the Active Bacterial Core Surveillance system (ABCs). The Active Bacterial Core Surveillance system is an active, laboratory, and population-based surveillance system in 10 states or metropolitan areas, and it covers approximately 13% of the US population [20] . All isolates were cultured from normally sterile sites such as cerebrospinal fluid, blood, or joint fluid. Isolates were confirmed as N meningitidis and further characterized using standard biochemical testing, slide agglutination serogrouping, and real-time polymerase chain reaction (PCR) methods [21, 22] .
Susceptibility Testing
Broth microdilution testing was performed for penicillin G, ceftriaxone, ciprofloxacin, rifampin, and azithromycin. Panels were either commercially prepared (PML, Wilsonville, OR) or prepared in-house by using cation-adjusted Mueller Hinton broth (CAMHB) (BD, Franklin Lakes, NJ) containing 5% lysed horse blood following Clinical and Laboratory Standards Institute guidelines [23] . Inoculum preparation and minimum inhibitory concentration (MIC) interpretations were performed according to previously reported guidelines [23, 24] (see Supplementary  Table 1 for interpretive breakpoints used). Antimicrobial concentrations ranged from 0.0039 µg/mL to 8.0 µg/mL in log 2 dilutions for all antimicrobials tested using the PML panels. Antimicrobial concentrations ranged from 0.015 µg/mL to 2.0 µg/mL in log 2 dilutions for ceftriaxone and penicillin G, 0.008 µg/mL to 1.0 µg/ mL in log 2 dilutions for ciprofloxacin, and 0.03 µg/mL to 4.0 µg/mL in log 2 dilutions for rifampin and azithromycin using in-house panels. Cultures grown for 20-24 hours on chocolate agar containing hemoglobin and IsoVitaleX (BD, Franklin Lakes, NJ) at 37°C in 5% CO 2 were used to prepare an inoculum adjusted to a 0.5 McFarland standard equivalent using CAMHB. Streptococcus pneumoniae ATCC 49 619 and Escherichia coli ATCC 25 922 were included in each batch as quality control organisms. All isolates resistant to penicillin G were tested for β-lactamase activity using nitrocefin disks, following manufacturer's instructions (Remel, Lenexa, KS).
DNA Amplification and Sequencing
All gene amplifications were performed using the Expand High Fidelity PCR System (Roche Diagnostics, Indianapolis, IN). DNA sequencing was performed using the BigDye Terminator version 3.1 Cycle Sequencing Kit and analyzed on a 3130xl Genetic Analyzer (Applied Biosystems, Carlsbad, CA).
To identify amino acid alterations in the PBP2 protein associated with reduced susceptibility to penicillin G, the highly variably region of the penA gene (402 bps) was amplified and sequenced from isolates with a penicillin G-intermediate or -resistant phenotype as previously described [13] . The full penA gene of the isolates that had both a penicillin G-intermediate or -resistant phenotype and none of the 5 PBP2 amino acid changes commonly associated with reduced susceptibility to penicillin G was amplified and sequenced using the primers listed in Supplementary Table 2 . Polymerase chain reaction amplification conditions for the full-length penA gene were as follows: 95°C for 5 minutes followed by 35 cycles of 95°C for 1 minute, 55°C for 1 minute, and 72°C for 2 minutes, followed by 72°C for 7 minutes. Full-length penA gene sequences are available in GenBank (see Supplementary Table 3 for accession numbers). The penA gene nucleotide and PBP2 amino acid positions are given relative to the serogroup B MC58 reference strain of N meningitidis (GenBank accession number AE002098).
To determine the molecular mechanism of reduced susceptibility in ciprofloxacin resistant isolates, the first 539 nucleotides of the gyrA gene and the first 520 nucleotides of the parC genes were amplified, sequenced, and analyzed as previously described [11] . Reduced susceptibility to rifampin has been shown to be associated with a 717 nucleotide region of the rpoB gene between nucleotides 1221 and 1937 [18] . This region was amplified and sequenced from any isolate categorized as rifampin intermediate or resistant using the primers listed in Supplementary Table 2 and PCR conditions previously described [11] .
Data Analysis
Nucleotide sequence was assembled and trimmed using DNAStar LaserGene 9 (Madison, WI). Further analysis of DNA sequence data was performed using BLAST (http://blast.ncbi. nlm.nih.gov/Blast.cgi) [25] . The assignment of penA allele types was performed by querying http://pubmlst.org/neisseria/ [26] . Pearson's χ 2 and Fisher's exact tests were used to compare
proportions with a value of 0.05 set as cutoff for significance. All statistical analyses were performed using SAS 9.2 (SAS Institute Inc., Cary, NC).
RESULTS
Among the 466 isolates, 406 (87.1%) were susceptible to all antimicrobials tested. All isolates tested were ceftriaxone and azithromycin susceptible. The most reduced susceptibility observed was to penicillin G (Table 1) . Four (0.9%) isolates were ciprofloxacin resistant (all with MICs of 0.25 µg/mL), and 1 (0.2%) isolate was rifampin resistant (MIC of 2.0 µg/mL).
One (0.2%) isolate was rifampin intermediate (MIC of 1.0 µg/ mL). There were no significant differences, year to year, between the proportion of isolates with antibiotic nonsusceptibility (all Pearson χ 2 , Ps > .16). There were no meaningful differences in the MIC 50 s or MIC 90 s for any of the antimicrobials from year to year ( Table 2) .
The overall proportion of isolates that were penicillin nonsusceptible was 10 Of the 51 penicillin G-intermediate or -resistant isolates, 30 had mosaic penA alleles, all of which contained the 5 amino acid changes closely associated with reduced susceptibility to penicillin G [13, 27] . Fifteen different mosaic penA alleles were detected among these 30 isolates, with allele 9 being the most common, which was detected in 7 isolates. No other allele was represented by more than 3 isolates. Among these 30 isolates, 12 (40%) were serogroup B, 10 (33.3%) were serogroup Y, 5 (16.7%) were serogroup C, 2 (6.7%) were serogroup W, and 1 (3.3%) was nongroupable. Fifteen of the 20 isolates that were penicillin G intermediate and had nonmosaic penA alleles were serogroup Y, and 12 of those had penA allele 22. Sequencing of the entire penA gene from these 20 isolates did not reveal any mosaic DNA structures, and all had the same amino acid sequence as the N meningitidis type strain MC58, which has no known amino acid changes associated with reduced susceptibility to penicillin G. Mosaic penA alleles were detected in 2 of 3 penicillin G-resistant isolates (alleles 8 and 318). The penicillin G-resistant isolate without a mosaic penA allele had allele 22. Table 2) . Two of the 2008 isolates were from a cluster of cases in Minnesota and have been previously described [5, 11] . A threonine to isoleucine change at amino acid 91 of the GyrA protein closely associated with ciprofloxacin resistance was found in the resistant isolates from 2008 and 2011. One rifampin-resistant serogroup Y isolate in 2004 with an MIC of 2.0 µg/mL and 1 intermediate serogroup B isolate in 2008 were detected (Table 2) , but no amino acid changes in the RpoB protein associated with reduced susceptibility to rifampin were found.
DISCUSSION
Antimicrobial susceptibility surveillance of isolates of N meningitidis collected in 2004, 2008, 2010 , and 2011 provides reassuring data that nonsusceptibility to antimicrobials commonly used for treatment and chemoprophylaxis of meningococcal disease is stable and low in the United States. The clinical significance of the increase in the proportion of penicillin G-intermediate isolates is unknown; however, the proportion of penicillin G-intermediate isolates among fatal cases was low. Active population-based surveillance is useful for evaluating antimicrobial susceptibility trends, but nonsusceptible isolates may have been missed in intervening years or in cases or clusters of cases outside of the surveillance area. There was no evidence of any clusters of penicillin G nonsusceptible cases in this study. Although penicillin G is not recommended for empirical treatment of suspected bacterial meningitis in the United States [2] , it may be used as the definitive treatment when meningococcal disease is confirmed [3, 28] . Before treatment with penicillin, susceptibility to penicillin G should be ascertained.
Over the past 2 decades, an increase in the proportion of isolates penicillin G intermediate has been observed in many parts of the world, with the highest rates in Europe [13, [29] [30] [31] [32] . A similar trend occurred in the United States with percentages of penicillin G-intermediate isolates increasing from 3.0% in 1997 [7] to a peak of 16.7% in 2010. This increase is not as pronounced as that observed in Belgium from 2000 to 2010 where the penicillin G-nonsusceptibility rate rose from 4.8% in 2000 to 40.9% in 2010, with fluctuations during intervening years [33] . In Ontario, Canada, 21.7% of isolates tested from 2000 to 2006 were penicillin G intermediate, although the rates remained stable over the years surveyed. We observed a strong association between reduced susceptibility to penicillin G and serogroup Y that was not present when susceptibility testing was performed on ABCs isolates in 1997 [7] . Elevated MICs to penicillin G were also recently reported to be common in serogroup Y in Ontario, Canada, although that group observed a significant correlation with increased MICs to penicillin G and serogroup W [34] . The low number of serogroup W isolates in our surveillance set makes it difficult to render conclusions about overall susceptibility to penicillin G in that serogroup, although other groups have reported correlations between serogroup W strains and reduced susceptibility to penicillin G [13, 33, 35] . The absence of a mosaic penA allele encoding the 5 amino acid changes associated with reduced susceptibility to penicillin G is not necessarily indicative of a penicillin G-susceptible phenotype. Approximately 40% of penicillin G-intermediate or -resistant isolates did not have a mosaic penA allele and did not contain amino acid substitutions in the PBP2 protein commonly associated with reduced susceptibility to penicillin G. In 1 study of approximately 1600 isolates collected mostly from Europe, 65% showed reduced susceptibility to penicillin G, but only 38% had mosaic penA alleles [13] . du Plessis et al [36] identified mosaic penA genes in only 25 of 87 isolates determined to be penicillin G intermediate. Thus, relying solely on penA genotyping to screen for reduced susceptibility to penicillin G is likely not sufficient. These observations suggest that reduced susceptibility to penicillin G can arise from other as yet unidentified mechanisms besides mutations in the penA gene. Reduced affinity of PBP-1 for penicillin G and decreased expression of the class 3 porin have been shown experimentally to increase resistance to penicillin G in N meningitidis [37] .
Resistance to ciprofloxacin or rifampin remains sporadic in the United States and around the world [10, 15, 16, [38] [39] [40] . The threonine to isoleucine amino acid change in the 2 ciprofloxacin resistant isolates from Minnesota arose from a horizontal gene transfer event with Neisseria lactamica and have previously been described [11, 17] . The resistant isolate from 2011 contained the threonine to isoleucine change at amino acid 91 with no evidence of a horizontal gene transfer event, but not the recently described threonine to alanine change at amino acid 173 [17] . In a recent study, all isolates but 1 with an MIC of >1 µg/mL to rifampin had 1 or more specific amino acid changes in the RpoB protein [19] . The RpoB protein of the 1 rifampin-resistant isolate in this study, which had an MIC at the cutoff point for resistance, did not contain amino acid changes associated with resistance to rifampin and may be utilizing a different mechanism of resistance.
CONCLUSIONS
As of 2011, resistance of N meningitidis to the antimicrobials used for empirical treatment of meningitis in the United States had not been detected, and resistance to chemoprophylaxis agents remained uncommon and sporadic, thus therapeutic agent recommendations remain valid. A sporadic cluster of resistance is concerning because antimicrobials are such an important component of treatment and prevention of secondary cases of meningococcal disease; therefore, clinicians should report suspected treatment and/or chemoprophylaxis failures. Periodic surveillance of antimicrobial susceptibility patterns in circulating isolates of N meningitidis to monitor emergent trends is warranted.
